Vickers et al. study STDP at the inhibitory synapses formed by PV-interneurons in the auditory cortex. One limb of inhibitory STDP, developmentally gated GABA Bdependent iLTD, was identified as a candidate disinhibitory mechanism during auditory critical period plasticity. Vickers et al., 2018, Neuron 99, 720- 
INTRODUCTION
Sensory experience during early postnatal development of animals, including humans, can change the cortical representation of visual and auditory percepts (Wiesel and Hubel, 1963; Katz and Shatz, 1996; Zhang et al., 2001; Hensch, 2005; de Villers-Sidani et al., 2007; Barkat et al., 2011) . These changes are likely laid down by altered thalamocortical connections (Oberlaender et al., 2012; Chun et al., 2013) . In thalamocortical circuits, feedforward inhibition mediated by parvalbumin (PV)-expressing interneurons (PV-interneurons) exerts a powerful control over the firing of cortical principal neurons (Gabernet et al., 2005; Cruikshank et al., 2007; see Hu et al., 2014 for a review). Feedforward inhibition can also act to suppress long-term plasticity at excitatory synapses in multiple brain areas, including the thalamocortical auditory pathway (Bissiè re et al., 2003; Chevaleyre and Castillo, 2004; Chun et al., 2013) . Fast-signaling GABAergic interneurons have been implicated in critical period plasticity of the visual system (Maffei et al., 2006; Yazaki-Sugiyama et al., 2009) , where potentiation of inhibition in the input layer of the visual cortex has been observed after sensory deprivation (Maffei et al., 2006) . However, whether critical period plasticity might be gated by a disinhibitory plasticity at PV-interneuron output synapses has received little attention. Plasticity mechanisms that would decrease feedforward inhibition mediated by PV-interneurons include a reduced excitatory drive of these interneurons (House et al., 2011; Lucas et al., 2016) as well as a reduced strength at their (inhibitory) output synapses.
It is well documented that inhibitory synapses in various CNS circuits can undergo long-term plasticity. Both long-term potentiation of inhibition (iLTP; Komatsu, 1996; Holmgren and Zilberter, 2001; Castillo et al., 2011) and long-term depression of inhibition (iLTD) have been found (Holmgren and Zilberter, 2001; Chevaleyre and Castillo, 2003) . In addition, several forms of spike-timing-dependent inhibitory plasticity have been studied (Woodin et al., 2003; Haas et al., 2006; D'amour and Froemke, 2015) . The signaling mechanisms of inhibitory plasticity are diverse, including nitric oxide (NO)-mediated, non-associative iLTP in cortical layer 5 (Lourenç o et al., 2014) , endocannabinoid receptor-mediated iLTD in the hippocampus and layer 2/3 of the cortex (Chevaleyre and Castillo, 2003; Jiang et al., 2010) , and brain-derived neurotrophic factor (BDNF) receptor-dependent (Xu et al., 2010) or GABA B receptor-dependent forms of iLTP (Komatsu, 1996; Wang and Maffei, 2014) . The presynaptic interneuron type involved in these plasticities has, in many cases, not been firmly identified but is known in some cases. For example, output synapses of fastspiking GABAergic interneurons in the visual cortex show iLTP (Maffei et al., 2006) , and PV-interneurons are at the origin of non-associative iLTP in layer 5 of the somatosensory cortex (Lourenç o et al., 2014) . Nevertheless, long-term depression of inhibition at PV-interneuron output synapses, which would be disinhibitory and therefore permissive for plasticity at excitatory synapses, has, to our knowledge, not been previously observed.
We investigated spike-timing-dependent plasticity (STDP) of PV-interneuron output synapses in the input layer of the auditory cortex and whether STDP of inhibition can contribute to critical period plasticity. The representation of sound frequency in the auditory cortex shows a critical period at $2 weeks of age in rodents such that exposure to a pure tone will lead to expansion of the representation of that sound frequency in the tonotopic map of the primary auditory cortex (Zhang et al., 2001; de Villers-Sidani et al., 2007; Barkat et al., 2011) . Interestingly, in pyramidal cells of the auditory cortex, action potential (AP) firing is sparse (Hromá dka et al., 2008) and occurs in a temporally highly ordered fashion with respect to firing in PV-interneurons (Wehr and Zador, 2003; Zhou et al., 2012; Moore and Wehr, 2013; Li et al., 2015) . We therefore hypothesized that, in the input layer of the auditory cortex, STDP of inhibition might be prominent at the output synapses of PV-interneurons.
RESULTS

Bi-directional STDP of PV-Interneuron Output Synapses
We investigated whether output synapses of PV-interneurons in the input layer of the auditory cortex show STDP. We used PV-Cre x tdTomato mice to identify PV-interneurons and made recordings at postnatal day 15 (P15)-P22 in most experiments. This age range is at the end of the critical period for the remodeling of sound frequency representation (Zhang et al., 2001; de Villers-Sidani et al., 2007; Barkat et al., 2011) , and also represents a time of heightened plasticity for the coding of other, more complex auditory features (Insanally et al., 2009; de Villers-Sidani and Merzenich, 2011) .
We made paired recordings between tdTomato-positive PVinterneuron and principal neurons; the recordings were targeted to the input layer, initially defined as a cortical depth of 30%-50% (Cruikshank et al., 2002) . In slices of mouse auditory cortex, most thalamorecipient excitatory neurons are pyramidal cells (Richardson et al., 2009) ; the firing properties of principal neurons recorded here are consistent with their putative pyramidal neuron identity ( Figure S1 ). In later experiments, we used the Scnn1a-Cre mouse line, which drives Cre expression in neurons of the input layer of primary sensory cortices (Xue et al., 2014) ; these experiments confirmed that our recordings were in the input layer ( Figure S1 ; Figure 7 ). In paired recordings between these principal neurons and PV-interneurons, a brief current injection in the (presynaptic) PV-interneuron caused a single AP that drove an inhibitory postsynaptic current (IPSC) in the principal neuron (e.g., Figure 1A , top); the connection probability was $30% under our conditions.
To test the expression of STDP at the PV-interneuron to layer 4 principal neuron synapse, we first measured the baseline synaptic strength by repeatedly evoking single presynaptic APs at 0.1 Hz for $8 min ( Figure 1A ). Following this, we induced preand postsynaptic APs at brief intervals (Dt $5 ms; repeated 50 times at 0.2 Hz) and then resumed the measurements of unitary IPSCs ( Figure 1A ). Repeated postsynaptic-before presynaptic AP firing (post-pre AP sequence) led to an increase in IPSC amplitude, or iLTP, that lasted until the end of the paired recordings (up to $40 min) (Figures 1A, 1C, and 1D ; an increase of 56.9% ± 14.4% above baseline; n = 22 paired recordings from N = 19 mice). Conversely, a pre-post AP induction protocol led to significant iLTD (À30.1% ± 8.8%, n = 16 and N = 14; Figures  1B, 1C, and 1D ). The observed bidirectional STDP was associative because no plasticity was observed when either pre-or postsynaptic APs were given alone ( Figure 1E) . In a few recordings, we used intervals between the pre-post or post-pre APs of $20 ms. These long intervals induced either no plasticity or slight iLTD ( Figure 1D ).
We analyzed the variance of unitary IPSC amplitudes to determine the locus of expression of iLTD and iLTP. Interestingly, iLTD induced by pre-post AP sequences was associated with a significant decrease of the variance of unitary IPSC amplitudes ( Figure 1B ) and with a significant decrease of the variance over mean ratio ( Figure 1F , red data points; n = 6 and N = 6; p < 0.01, one-sample t test). This suggests that a reduction in postsynaptic quantal amplitude contributes to iLTD (STAR Methods; Meyer et al., 2001) . Consistent with a largely postsynaptic mechanism for iLTD, the failure rate was not significantly changed after iLTD (Figure 1G , right; n = 23 and N = 21; p = 0.18, Wilcoxon matched pairs signed-rank test). Conversely, we found that iLTP was not accompanied by a significant change in the variance over mean ratio ( Figure 1F , black data points; n = 14 and N = 13, p = 0.78, one-sample t test). However, the failure rate was significantly decreased after iLTP induction (Figure 1G , left; n = 41 and N = 32; p < 0.001, Wilcoxon matched pairs signed-rank test), suggesting that an increase in release probability was involved in iLTP. Together, these results suggest that iLTP has a predominantly presynaptic locus, whereas iLTD is expressed by a mostly postsynaptic mechanism. We observed both iLTD and iLTP over a wide range of baseline unitary IPSC amplitudes, with only a weak, statistically non-significant correlation between plasticity magnitude and baseline IPSC amplitude ( Figure 1H ; p = 0.23 and p = 0.32 for iLTP and iLTD, respectively). In control experiments, we found that significant iLTP and iLTD could also be evoked under recording conditions with low [Cl À ] in the postsynaptic pipette ( Figures S1F-S1K) . Thus, the data in Figure 1 show that output synapses of PV-interneurons in the input layer of the auditory cortex of young mice exhibit a marked bi-directional STDP.
Developmental Regulation of Spike-TimingDependent iLTD We next made paired recordings in mice at $4 weeks of age (P27-P34), to test whether STDP at PV-interneuron output synapses might be developmentally regulated. Post-pre induction protocols induced significant iLTP (Figures 2A and 2C ; n = 9 and N = 8; p < 0.001, one-sample t test), which was not significantly different from post-pre iLTP observed in young mice (Figure 1D; p = 0.92, . On the other hand, prepost AP sequences also caused iLTP in the older age group (+38% ± 8%, n = 12 and N = 10; Figures 2B and 2C ). This iLTP was significantly different both from no change (p < 0.001, one-sample t test) and from iLTD observed with the same prepost inductions in young mice ( Figure 1D ; p < 0.001). The iLTP observed for both post-pre and pre-post AP sequences in older mice was accompanied by a significantly reduced failure rate ( Figure 2D ; p < 0.05 for each AP sequence, paired t test). This suggests that, with brain development, the postsynaptic iLTD observed in young mice in response to pre-post AP sequences is replaced by a presynaptic iLTP mechanism.
To verify whether other properties of the PV-interneuron to principal cell synapse might change with development, we analyzed the baseline unitary IPSCs from all recordings in both the young and the old age groups. Unitary IPSC amplitude distributions did not significantly differ between the two age groups, with mean amplitudes of 157.3 ± 13.5 pA for the young mice (n = 105 and N = 87) and 127.7 ± 31.0 pA for the older mice (Figures 2E and 2F; n = 21 and N = 18, p = 0.21, . Therefore, we regard it as unlikely that simple changes in IPSC amplitude or release probability might have led to masking of iLTD by iLTP with further development. Taken together, the bidirectional plasticity rule at PV-interneuron output synapses (F) The ratio of variance over mean after divided by before induction was significantly smaller than 1 for iLTD (red symbols, p < 0.01, one-sample t test, hypothetical mean = 1) but not for iLTP (black, p = 0.78, one-sample t test).
(G) Failures were significantly reduced after iLTP induction (left, black symbols, n = 41 recordings from N = 32 mice, p < 0.01, Wilcoxon matched pairs signed-rank test) but unchanged after iLTD (right, red symbols, n = 23, N = 21, p = 0.18, Wilcoxon matched pairs signed-rank test).
(H) Plots of plasticity magnitude after pre-post (red symbols) and post-pre induction protocols as a function of the baseline unitary IPSC amplitude measured in each paired recording. The plot contains additional data from control measurements in Figures 3 and 4 . Square symbols indicate mean; error bars represent SEM. **p < 0.01, ***p < 0.001. See also Figure S1 .
observed in young mice ( Figure 1D ) is converted to a symmetrical iLTP rule in more mature mice ( Figure 2C ). Modeling studies have shown that symmetrical spike-timingdependent iLTP at inhibitory synapses likely acts to stabilize neuronal networks (Vogels et al., 2011) . Conversely, iLTD, which occurs upon pre-post AP pairings selectively in young mice (Figures 1 and 2) , could weaken the influence of feedforward inhibition and gate plasticity at excitatory thalamocortical synapses (Bissiè re et al., 2003; Chevaleyre and Castillo, 2004; Chun et al., 2013; Wilmes et al., 2017) . We hypothesized that such a disinhibitory plasticity upon pre-post AP sequences could contribute to the remodeling of cortical maps (see also Figure S2 and Discussion). We next characterized the cellular and molecular mechanisms of iLTP and iLTD (Figures 3, 4 , and 7) before investigating a possible relationship of iLTD with critical period plasticity ( Figures 5, 6 , and 8).
iLTP Is Mediated by Retrograde BDNF-TrkB Signaling We began by characterizing the molecular mechanisms that underlie spike-timing-dependent iLTP. We found that iLTP was blocked and converted to net iLTD by perfusing the fast Ca 2+ chelator 1,2-bis(o-aminophenoxy)ethane-N,N,N 0 ,N 0 -tetraacetic acid (BAPTA) (5 mM) into the postsynaptic neuron ( Figures 3A and 3D , left; n = 6 and N = 5 for the BAPTA group, p < 0.001, Mann-Whitney test); the slow Ca 2+ chelator EGTA (5 mM) had a partial effect (Figure 3D , left; n = 6 and N = 3, p = 0.08, Mann-Whitney test). The L-type Ca 2+ channel blocker nimodipine (10 mM) also blocked iLTP (Figure 3F , left; n = 5 and N = 5 for the nimodipine group, ANOVA, F = 6.3, p < 0.05, Dunnett's multiple comparisons test). These results suggest that Ca 2+ influx through L-type channels in the postsynaptic principal cell is necessary for iLTP. This, combined with a presynaptic locus of expression of iLTP (Figure 1 ), pointed to the involvement of a retrograde messenger in the induction of iLTP.
Previous work has shown a role of BDNF in the developmental maturation of inhibitory synapses and critical period plasticity in the visual cortex (Huang et al., 1999) . Furthermore, manipulating BDNF signaling affects critical period plasticity in the auditory cortex (Anomal et al., 2013) . To study a possible role of BDNF signaling in iLTP, we bath-applied the TrkB antagonist k252a (200 nM), which led to a significant reduction of iLTP, with a reversal to iLTD in four of six recordings (Figures 3B and 3E, left; n = 6 and N = 5 for the k252a group, p < 0.01, Mann-Whitney test). Similarly, iLTP was blocked by ANA-12 (2.5 or 5 mM), a highly specific TrkB antagonist (Figure 3E , right; n = 6 and N = 5 in the ANA-12 group, p < 0.05). These results suggest involvement of the BDNF receptor TrkB in iLTP at the inhibitory connection between PV-interneurons and input layer principal neurons. Additional experiments with pre-only inductions suggested that externally applied BDNF can substitute for the postsynaptic APs during the induction protocol ( Figures S3A and  S3B ). These results further suggest that the retrograde signaling occurring during iLTP is likely mediated by BDNF.
We reasoned that the associativity of iLTP (see Figure 1) residual Ca
2+
. In control experiments, the same concentration of BAPTA added to the presynaptic pipette solution led to a timedependent block of unitary IPSCs that was nearly complete after 8-11 min ( Figures S3C and S3D ). This suggests that 5 mM EGTA should reach the presynaptic terminals after a similar time, even though EGTA did not cause a block of IPSCs (Figures S3E and S3F) , consistent with tight coupling between Ca 2+ channels and transmitter release (Bucurenciu et al., 2008) . We then measured the effect of 5 mM EGTA added to the presynaptic pipette and found that it significantly reduced iLTP in post-pre AP induction protocols compared with control recordings with 0.5 mM EGTA (Figures 3C and 3F, right; n = 8 and N = 6 for the EGTA group, ANOVA, F = 6.3, p < 0.01, Dunnett's multiple comparisons test). This suggests that an elevation of presynaptic residual Ca 2+ is necessary for induction of iLTP, explaining the necessity of both post-and presynaptic APs for the induction of iLTP (see above; Figures 1D and 1E ). Taken together, the results in Figure 3 show that iLTP depends on postsynaptic Ca 2+ influx and the activity of L-type Ca 2+ channels as well as on a rise in presynaptic residual Ca 2+ . This, together with the sensitivity of iLTP to k252a and ANA-12 and the effects of externally applied BDNF, suggests a model in which retrogradely released BDNF binds to presynaptic TrkB receptors, which activate a signaling cascade that depends on presynaptic residual Ca 2+ and, ultimately, cause a long-term increase in release probability (see scheme in Figure 3G ).
iLTD Is Mediated by GABA B Signaling We next investigated the molecular mechanism of iLTD observed with pre-post AP pairings in young mice. Importantly, (G) Scheme illustrating the temporal sequence of events during pre-post AP sequences, leading to postsynaptic GABA B receptor activation (see also data in Figure 7 ). As in Figure 3 , the p values of statistical comparisons are indicated; the employed statistical tests are given in the Results. Error bars represent SEM. *p < 0.05, **p < 0.01. for iLTD to happen, a presynaptic AP in the PV-interneuron needs to precede the postsynaptic AP; thus, GABA is released before an AP occurs in the postsynaptic neuron (see also scheme in Figure 4G ). It has been shown that GABA B receptors in the dendrites of cortical neurons can suppress L-and N-type Ca 2+ channels (Pé rez-Garci et al., 2006; Chalifoux and Carter, 2011) . We therefore asked whether G-protein-coupled GABA B receptors are involved in iLTD. Bath application of the GABA B receptor antagonist CGP-54626 (5 mM) blocked iLTD and converted iLTD to net iLTP in n = 3 of 6 recordings (Figures 4A and 4D; n = 6 and N = 6 for the CGP-54626 group, p < 0.01, t test with Welch's correction). Perfusion of the postsynaptic neuron with 0.5 or 0.75 mM of the non-hydrolyzable guanosine triphosphate (GTP) analog guanosine 5'-[beta-thio]diphosphate (GDPb-S) also blocked iLTD (Figures 4B and 4E; n = 8 and N = 6 for the GDPb-S group, p < 0.05), in support of a role for postsynaptic G-protein signaling in iLTD. On the other hand, we found that iLTP induced by post-pre inductions persisted in the presence of CGP-54626, although this iLTP did not reach statistical significance ( Figure 4F ; n = 5 and N = 5, p = 0.12, one-sample t test). This experiment thus distinguishes the iLTP observed here from the GABA B receptor-dependent iLTP studied previously at other cortical inhibitory synapses (Komatsu, 1996; Wang and Maffei, 2014) . Taken together, the experiments in Figure 4 suggest a model for iLTD in which GABA release, occurring shortly before a postsynaptic AP, activates postsynaptic GABA B receptors, overrides iLTP, and induces a postsynaptic form (Figure 1 ) of iLTD (see scheme in Figure 4G ).
Critical Period Sound Exposure Transforms iLTD into iLTP
We have shown that PV-interneuron output synapses in the input layer of the auditory cortex of young mice show a bi-directional STDP. One limb of this plasticity, iLTD, is mediated by GABA B signaling and is converted to iLTP with further development. Therefore, we hypothesized that iLTD, a potentially disinhibitory plasticity, could contribute to critical period plasticity. To investigate the relationship between iLTD and critical period plasticity, we sought to visualize principal neurons that process sounds of a specific pure tone frequency and then make paired recordings of PV-interneurons and such identified principal neurons. To label neurons in an activity-dependent manner after administering sound stimuli with defined frequencies, we used transgenic cfos-tTa x tetO-tdTomato mice (Reijmers et al., 2007; STAR Methods) . To investigate the influence of sensory activity during a critical period, the mice were either raised in a normal environment (''label only'' group; Figure 5A) or were exposed to an $73-decibel (dB), 30 kHz sound from P11-P14 (critical period plasticity [CPP] group; Figure 5B) . Doxycycline, present to suppress tetracycline operator sequence (tetO)-driven tdTomato expression, was removed on P15, and 2-6 days later, mice were exposed to a 60-min sound stimulus of the same frequency ($85 dB) to label 30-kHz-preferring neurons (see STAR Methods for details and for the reason to choose 30 kHz). We observed clusters of cfos-labeled neurons ( Figures 5C and 5D) ; the rostrocaudal position of the labeled neurons depended on sound frequency, in agreement with the tonotopic organization of the primary auditory cortex ( Figure S4 ). Critical period sound exposure led to a significant increase in the number of cfos-positive neurons in the cluster (+122.0% ± 4.4%, p = < 0.01, Mann-Whitney test; Figure 5G ) and in the tonotopic extent or width of the band of labeled neurons (+80.6% ± 25.2%, p < 0.001, Mann-Whitney test; Figure 5H ; N = 9 mice in the label only and CPP groups). The estimated cortical depth of the cluster of labeled neurons was not significantly changed after critical period plasticity ( Figure 5I ; p = 0.34, Mann-Whitney test). The enhanced width of a band of c-fos-labeled neurons is consistent with previous estimates of critical period plasticity quantified with extracellular in vivo recordings in rats and mice (Zhang et al., 2001; de Villers-Sidani et al., 2007; Barkat et al., 2011) . Thus, cfos labeling can be used to quantify critical period plasticity using native slices of the auditory cortex as the final readout.
We could now ask whether sound exposure during the critical period changes the learning rules of plasticity at output synapses of PV-interneurons. We concentrated on disinhibitory iLTD as a putative mechanism for tonotopic band expansion. We made paired recordings of cfos-positive principal neurons and fastspiking cells (putative PV-interneuron; STAR Methods) at P16-P22. Following this, the tdTomato signal was imaged through the entire depth of the slice using a two-photon microscope to reconstruct the band of c-fos-labeled neurons in more detail and to determine the location of the recorded neurons ( Figure 6C , arrow). This analysis showed that the positions of the recorded neuron pairs were within, or closely adjacent to, the cluster of c-fos-labeled neurons ( Figure 6D ).
In control mice that received the label only protocol, pre-post AP sequences induced significant iLTD (Figures 6E and 6G, left; n = 7 and N = 7, p < 0.04, one-sample t test). However, in slices from mice that had undergone critical period sound exposure (30 kHz, from P11-P14), pre-post AP sequences now induced a potentiation of inhibition in cfos-positive neurons; this iLTP was significantly different from the iLTD observed in the label only group (Figures 6F and 6G; ANOVA, n = 8 and N = 8, F = 4.9, p = 0.01, Dunnett's multiple comparisons test). In paired recordings between tdTomato-negative principal neurons located within the cluster of c-fos-labeled neurons and fastspiking inhibitory interneurons, pre-post AP sequences did not induce significant plasticity ( Figure 6G , blue data points; n = 6 and N = 6,; p = 0.96, one-sample t test). These results suggest that sensory experience during the critical period accelerates the developmental conversion of iLTD to iLTP and that the conversion of iLTD to iLTP was specific for c-fos-labeled neurons activated by a 30-kHz tone.
A possible interpretation for the disappearance of iLTD would be an ''occlusion'' of the iLTD plasticity pathway when iLTD had taken place during critical period plasticity. In this case, however, we would expect IPSC amplitudes in the CPP group to be reduced relative to the control group. Contrary to this expectation, we found that the baseline IPSC amplitude in the label only group was À83 ± 29 pA (n = 7 and N = 7), significantly smaller than the unitary IPSCs in the tdTomato-positive neurons of the CPP group (À229 ± 45 pA, n = 12 and N = 11, Kruskal-Wallis test, p = 0.036; label only versus tdTomato+ neurons in CPP group, p = 0.03, Dunn's multiple comparisons In the label only group (A), only a final 1-hr ''sound labeling'' was used; in the critical period plasticity group (B, ''CPP''), mice were exposed during 3 days (P11-P14) to a 73-dB conditioning sound (''sound exposure'') in the presence of doxycycline and to the final 60-min sound labeling. One day after the sound labeling, mice were sacrificed, and slices of the auditory cortex were prepared. The experiments were performed with cfos-tTa 3 tetOtdTomato mice. See STAR Methods and Results for more details. test; Figure 6H ). This finding could indicate that the acute, 1-hr sound labeling protocol decreases the baseline IPSC amplitudes in mice of the label only group, possibly by inducing iLTD. Because iLTD was no longer observed following the 3-day critical period sound exposure ( Figure 6G ), the final 1-hr sound labeling protocol (see schemes in Figures 6A and 6B) would then be unable to recruit iLTD and to reduce the baseline IPSC amplitudes. This explanation offers a rationale for the observed acute reduction of unitary IPSCs after sound labeling in naive mice. Taken together, the data in Figure 6 Figure 5 . In the label only group (A), only a final 1-hr ''sound labeling'' was used; in the critical period plasticity group (B; ''CPP''), mice were exposed at P11-P14 to a 73-dB conditioning sound (''sound exposure'') in the presence of doxycycline, and to the final 60-min sound labeling. One day after the sound labeling, mice were sacrificed, and slices of the auditory cortex were prepared for electrophysiology (pink vertical bars). The experiments were performed with cfos-tTa 3 tetO-tdTomato mice. show that critical period sound exposure from P11-P14 accelerates the conversion of iLTD to iLTP.
Conditional Knockout Reveals a Role for Postsynaptic GABA B Receptors in iLTD
We found that iLTD is developmentally regulated (Figure 2 ) and that the conversion of iLTD to iLTP can be accelerated by sensory experience during the critical period ( Figure 6 ). To further study the role of GABA B receptor-dependent iLTD in critical period plasticity, we sought to genetically delete GABA B receptors in excitatory neurons of the cortical input layer and then test whether iLTD and critical period plasticity are perturbed, as we predict. GABA B receptors are hetero-dimers of GABA B -1a or -1b subunits and GABA B -2 subunits (Pin and Bettler, 2016) . We made use of a conditional knockout (cKO) mouse of the obligatory GABA B -1 gene receptor (Gabbr1 tm2.1Bet ; Haller et al., 2004; called GB1 lox here). In this mouse line, Cre recombination will lead to the removal of both the GABA B -1a and -1b splice variants. Our initial approach involved crossing this line with both the cortical input layer-specific Scnn1a-Cre mouse line (Madisen et al., 2010 ; Figure 7A ) and the Cre-dependent tdTomato reporter mouse. We did this in order to achieve cell type-specific KO of GABA B receptors and allow visualization of the neurons in which Cre recombination has taken place. Using an antibody against Ca 2+ /calmodulin-dependent protein kinase II (CaMKII), we found that about half of the CaMKII-positive principal neurons at a depth of 30%-50% were tdTomato (Scnn1a)-positive; Cre was not active in PV-interneurons ( Figures S5A  and S5B) .
To test the efficiency of conditional inactivation of GABA B receptors, we next recorded tdTomato (Scnn1a)-positive neurons and applied the GABA B receptor agonist baclofen (50 mM). These results suggest that genetic inactivation of the GABA B -1 subunit was effective. The observed partial reduction of baclofen-induced K + currents is probably caused by the late onset of Cre expression under the Scnn1a promoter at $P14 ( Figures  S5C-S5E ). In current-clamp recordings, we found that the regularity of AP firing was lower than in control mice; however, mean AP firing activity and passive membrane properties of GABA B -1 cKO neurons were unchanged ( Figures S5F-S5H ). We next made paired recordings between Scnn1a-positive principal neurons and fast spiking interneurons in order to test whether genetic elimination of GABA B receptors in principal neurons changed iLTD. The recordings were done in young mice (P18-P23) in which pre-post AP sequences normally induce iLTD (see above; Figures 1, 4, and 6 ). Strikingly, we found that iLTD induced by pre-post AP sequences in control mice was converted to iLTP in GABA B -1 cKO mice (Figures 7D-7F ; n = 6 and N = 4 for the cKO group, p < 0.01). Expanding the pharmacological results of Figure 4 , this finding establishes that postsynaptic GABA B receptors are necessary for iLTD at the synapse between PV-interneurons and principal neurons. These recordings also showed a reduced unitary IPSC amplitude in GABA B -1 cKO mice compared with control mice ( Figure 7G ; n = 7 and N = 5 for the cKO group, p < 0.05, Mann-Whitney test).
We observed in histological analyses that Scnn1a-Cre mice also drive the expression of Cre in both presumed thalamic axons visible in the auditory cortex at P14 and P16 (Figures S5C and  S5D ) and in neurons of the medial geniculate body (MGB or auditory thalamus; data not shown). Thus, it is possible that Scnn1a-Cre-driven GABA B -1 cKO mice, in addition to reduced GABA B signaling in the cortical input layer, also lack GABA B signaling in the thalamus and on presynaptic thalamic fibers. We therefore sought to validate the role of postsynaptic cortical GABA B receptors in iLTD in a further genetic control experiment in which we drove Cre expression with an AAV8 vector injected into the auditory cortex of young mice (P6). The adeno-associated virus (AAV) vector drove the expression of Cre recombinase and EGFP (to visualize transduced neurons) under a CaMKII promoter to limit the expression of Cre recombinase to principal neurons (AAV8: CaMKII 0.4 :EGFP-IRES-Cre; STAR Methods). With this approach, and using a Cre-dependent tdTomato reporter mouse, we observed Cre expression locally in the auditory cortex, whereas the MGB showed only tdTomato-positive cortical fibers but no tdTomato-or EGFP-positive cell bodies (P21; Figure 7H ). In recordings of tdTomato-positive principal neurons from these virally injected GABA B -1 cKO mice, baclofen-induced K + currents (4.4 ± 1.2 pA, n = 8) were significantly smaller than in control mice (44 ± 5.7 pA, n = 9, p < 0.001), demonstrating efficient genetic deletion of postsynaptic GABA B receptors. In paired recordings between tdTomato-positive and EGFP (CaMKII)-positive principal neurons and fast-spiking interneurons, we found that iLTD induced by pre-post AP sequences was again converted into iLTP (Figures 7I-7K ; n = 6 and N = 4 for the control and n = 8 and N = 6 for the GABA B cKO group, p < 0.01). In these experiments, the baseline unitary IPSCs were not significantly changed ( Figure 7L ; p = 0.49, Mann-Whitney test). Taken together, two methods of conditional genetic deletion of the GABA B -1 receptor consistently showed that GABA B signaling in postsynaptic principal neurons is required for iLTD at the PVinterneuron output synapse.
Auditory Critical Period Plasticity Depends on Thalamocortical GABA B Receptors
Having shown that postsynaptic GABA B receptors of cortical principal neurons in the input layer are required for iLTD, we can now ask whether genetic elimination of GABA B receptors would also impair critical period plasticity. For this purpose, we interbred GABA B -1 cKO mice (GB1 lox 3 Scnn1a-Cre) with the cFos-tTa 3 tetO-tdTomato lines to combine the visualization of critical period plasticity by ex vivo c-fos labeling (see above; Figure 5) with the conditional genetic elimination of the GABA B -1 receptor under the Scnn1a promoter ( Figure 7 ). We used a prolonged window for critical period sound exposure (P12-P18) to ensure that a large part of the sound exposure occurred after conditional inactivation of the GABA B -1 receptor (because the Scnn1a-promoter is active only from $P14 onward; see above). In control mice (genotype GB1 +/+ ), critical period sound exposure led to a significant increase in the number of 30-kHz-processing neurons within the 30-kHz band ( Figures 8A and 8C , black data points; N = 4 and N = 4 for the control and CPP group, p < 0.05, Mann-Whitney test) and to a trend toward widening of the band of 30-kHz-processing neurons ( Figures 8A and 8D , black data points; p = 0.07; see Figure S6 for a full illustration of the imaging analysis). These results are consistent with our earlier findings of critical period plasticity in control mice (Figure 5) . On the other hand, in GABA B -1 cKO mice, critical period sound exposure failed to induce an increase in the number of labeled neurons in the 30-kHz band ( Figures 8B and 8C was, in fact, significantly reduced in GABA B -1 cKO mice after critical period sound exposure ( Figure 8B , right, and 8D, red data points; p < 0.05, Mann-Whitney test). This shows that GABA B -receptors in the input layer of the auditory cortex, but possibly also in the auditory thalamus, are necessary for critical period remodeling of sound frequency representation in the auditory cortex.
DISCUSSION
In the thalamocortical input layer of the auditory cortex, sensorydriven AP firing in principal neurons and PV-interneurons shows a high degree of temporal precision (Zhou et al., 2012; Moore and Wehr, 2013; Li et al., 2015) . Using paired recordings of genetically identified PV-interneurons and their postsynaptic principal neurons, we identified a robust STDP at output synapses of PV-interneurons. In young mice during a heightened period of sensory plasticity, we found that this STDP of inhibition is bi-directional, with post-pre AP firing inducing iLTP and the opposite spike timing sequence inducing iLTD. Upon further brain development, iLTD disappeared and was converted to iLTP; this conversion of plasticity of inhibition was accelerated by sensory experience during the critical period. Pharmacological and genetic experiments showed that iLTD observed in The experiments were done with mice of the cfos-tTa 3 tetO-tdTomato 3 GB1lox 3 Scnn1a-Cre strain to enable cfos-based quantification of critical period plasticity (see Figures 5A and 5B for the protocols) in GABA B -1 cKO and control mice. young mice was mediated by GABA B receptor signaling in postsynaptic principal neurons. Conversely, iLTP observed with the opposite spike timing order was likely mediated by BDNF released retrogradely from principal neurons. Conditional genetic inactivation of GABA B receptors driven by Scnn1a-Cre suppressed iLTD; the same genetic perturbation led to deficits in the remodeling of sound frequency representation during the critical period (Figure 8 ). Together, these data identify GABA B receptor-mediated iLTD at PV-interneuron output synapses as a candidate mechanism for a disinhibitory process during critical period plasticity.
Spike-Timing-Dependent BDNF Signaling at PVInterneuron Output Synapses
Variance versus mean analysis and failure analysis of IPSCs in paired recordings provided evidence that iLTP, observed with post-pre AP sequences, had a presynaptic locus of expression (Figure 1 ). At the same time, iLTP was sensitive to loading of the postsynaptic neuron with the Ca 2+ chelator BAPTA, implicating a retrograde messenger. We found that iLTP was sensitive to two TrkB inhibitors and that externally applied BDNF can replace postsynaptic APs during the induction of iLTP (Figure 3 ; Figure S3 ). Furthermore, iLTP was blocked by loading the presynaptic PV-interneuron with EGTA. These findings together indicate that iLTP is mediated by a retrograde messenger, most likely by BDNF. This signaling motif is similar to the putative role of BDNF described in iLTP at inhibitory synapses in other brain areas (Inagaki et al., 2008 ; for a review, see Castillo et al., 2011) . BDNF has been shown to positively influence the maturation of PV-interneuron nerve terminals (Huang et al., 1999; Bloodgood et al., 2013) . The present findings suggest that such a trophic role of BDNF at PV-interneuron boutons might be initiated in a use-dependent manner during spike-timing-dependent iLTP and that well-timed AP activity in postsynaptic neurons could be the source of retrograde release of BDNF. It is possible that BDNF-mediated iLTP initiates and maintains a growth program of PV-interneuron terminals, leading to elaboration of their dense axo-somatic basket-like synapses at $2-3 weeks of age (Huang et al., 1999; Chattopadhyaya et al., 2004; Patz et al., 2004) .
A more acute function of iLTP at PV-interneuron output synapses is obviously increased inhibition of principal neurons, which might act to homeostatically regulate principal neuron firing (Turrigiano and Nelson, 2004) . For instance, in the visual cortex, pyramidal neurons with high AP firing activity tend to receive stronger inhibitory inputs from PV-interneurons (Xue et al., 2014) . The spike-timing-dependent iLTP described here could mediate such homeostatic control of neuronal excitability. This is particularly true in mature mice, where we observed a symmetrical STDP timing rule of inhibition (Figure 2) . Such a rule would increase the strength of inhibition whenever a principal neuron and its presynaptic PV-interneuron fire highly temporally correlated APs, regardless of the exact spike timing order (House et al., 2011; Vogels et al., 2011; D'amour and Froemke, 2015) .
GABA B Signaling Enforces iLTD during the Critical Period
In young mice, STDP of inhibition at PV-interneuron output synapses was bi-directional, with pre-post AP sequences causing iLTD. This is functionally important because depression of inhibition could be permissive for long-term plasticity at excitatory synapses (Bissiè re et al., 2003; Chevaleyre and Castillo, 2004; Chun et al., 2013) .
We hypothesized that, with a pre-post AP sequence, GABA released prior to a back-propagating postsynaptic AP might have special significance. Therefore, we investigated the role of GABA B receptors in iLTD. We found that pharmacological block of GABA B receptors and loading of the postsynaptic neuron with GDP-bS suppressed iLTD, consistent with a role for postsynaptic GABA B receptors in iLTD. The use of a floxed allele of the obligatory GB1 subunit (Haller et al., 2004) and conditional inactivation of this allele in excitatory neurons by two independent methods led to suppression of iLTD and to the emergence of iLTP in young mice (Figure 7 ). This shows that postsynaptic GABA B signaling is necessary for iLTD. GABA B signaling has previously been observed to play a role mainly in long-term potentiation of inhibition (Komatsu, 1996; Wang and Maffei, 2014) ; however, in the auditory brain stem, it has been implicated in iLTD induced by low-frequency extracellular stimulation (Chang et al., 2003) . Presynaptic GABA B signaling was also involved in a sensory experience-dependent conversion of depression to facilitation at inhibitory synapses in layer 2/3 of the auditory cortex in gerbils (Takesian et al., 2010) .
We showed that postsynaptic GABA B signaling is necessary for spike-timing-dependent iLTD, but we are still lacking detailed insight into the mechanisms of how GABA B receptors induce iLTD. It is unclear whether synaptically released GABA from PV-interneurons can cause significant activation of postsynaptic GABA B receptors within $5 ms; alternatively, postsynaptic GABA B receptors might have a permissive role in induction of iLTD. Previous studies with agonist application found that dendritic GABA B receptors can lead to G-protein-mediated downregulation of L-type Ca 2+ channels (Pé rez-Garci et al., 2006 Chalifoux and Carter, 2011) . Because L-type Ca 2+ channels are necessary for iLTP (Figure 3 ; Haas et al., 2006; D'amour and Froemke, 2015) , it is conceivable that inhibition of L-type Ca 2+ channels and concomitant suppression of dendritic BDNF release represent one signaling limb in iLTD. The postsynaptic effects of GABA B receptor activation, including downregulation of dendritic L-type Ca 2+ channels, were shown to be mediated by the GABA B -1b splice variant (Pé rez-Garci et al., 2006) . In our study, recombination in GB1 lox mice leads to removal of both the GABA B -1a and -1b splice variants. Interestingly, previous biochemical evidence suggests that the GABA B -1b splice variant shows a developmental peak at $2 weeks of age and is slightly downregulated thereafter (Fritschy et al., 1999) . Thus, developmental expression regulation of the GABA B -1b subunit, which should be addressed more directly in future studies, could contribute to developmental gating of iLTD in the input layer of the auditory cortex.
Functional Role of GABA B Receptor-Mediated iLTD
We measured STDP at output synapses of PV-interneurons in an in vitro slice preparation; thus, extrapolation to the physiological situation should be made carefully. We found that genetic deletion of GABA B receptors in principal neurons of the auditory cortex suppressed iLTD at PV-interneuron output synapses and converted it to iLTP (Figure 7) . At the same time, genetic deletion of the GABA B -1 receptor under the Scnn1a promoter led to a disruption of critical period plasticity in the auditory cortex (Figure 8) . These findings establish a correlation between GABA Bmediated iLTD and critical period plasticity, but we cannot exclude at present that other functions of GABA B signaling in principal neurons of the input layer or in thalamic neurons contribute to auditory critical period plasticity. Our finding of Scnn1a-Cre activity in putative thalamic fibers and in the MGB, together with recent findings of a role of thalamic GABA A receptors for ocular dominance plasticity in the visual system (Sommeijer et al., 2017) , might warrant further investigation of the role of thalamic GABA B receptors in critical period plasticity.
We found that 3-day critical period sound exposure converts iLTD to iLTP, which we interpret as an acceleration of the normal developmental conversion of iLTD to iLTP (Figure 6 ). This experiment also suggested that baseline unitary IPSCs were reduced when the final 60-min sound labeling protocol was applied alone; mice that had undergone prior 3-day sound exposure seemed to be protected from this effect ( Figure 6 ). These findings are consistent with a previous in vivo study of the auditory cortex of young rats that found that brief patterned sound stimulation leads to acute changes in the frequency tuning of excitation and inhibition (Dorrn et al., 2010; Sun et al., 2010) . Prior sound exposure for several days during the critical period, however, rendered auditory cortical neurons insensitive to more acute changes (Dorrn et al., 2010) . Our findings of the disappearance of iLTD, along with a decrease in the modifiability of unitary IPSCs following critical period sound exposure ( Figure 6 ) are reminiscent of the previous findings and suggest that iLTD may be a key mechanism underlying the modifiability of frequency tuning curves of inhibition in young animals.
What might be the preferred spike timing orders of synaptically connected PV-interneurons and principal neurons in young mice in vivo? Little is known about the spiking activity of specific neuron types in developing animals in vivo. Recent measurements in adult mice showed that PV-interneurons fire, on average, earlier than principal cells ($2 ms); however, significant overlap between their onset latency distributions exists, which should allow spike timing orders in both directions (Moore and Wehr, 2013; Li et al., 2015) . Interestingly, the tonotopic organization of the auditory cortex, along with the fact that AP latency depends on the optimal sound frequency for a given principal neuron (Zhou et al., 2012 ) predict that pre-and then postsynaptic AP sequences might preferentially occur at the edges of the tonotopic band ( Figure S2 ). There, PV-interneurons, by virtue of their broader sound frequency tuning compared with principal neurons (Li et al., 2015) , might be activated earlier than principal neurons, for which this sound frequency would be sub-optimal. The resulting pre-post AP sequences would be expected to cause iLTD, and thus reduced feedforward inhibition in a manner that is permissive for excitatory plasticity (Chun et al., 2013) . Thus, principal neurons at the lateral edge of the tonotopic band would be recruited to the dominant sound frequency. Conversely, principal cells in the center of the tonotopic band might fire earlier than PV-interneurons (post-pre AP sequence), which would cause iLTP and accelerated maturation of their inhibitory inputs (Dorrn et al., 2010; Sun et al., 2010) .
Taken together, our study has demonstrated that PV-interneuron output synapses in the auditory cortex show robust, spike-timing-dependent, long-term plasticity with a bi-directional outcome during the critical period. In the input layers of the auditory cortex, these mechanisms of inhibitory plasticity might allow for spike timing dependent network stabilization or a destabilizing disinhibition of neuronal networks. These processes might underlie homeostatic mechanisms (in the case of iLTP) and/or initiate sensory experience-dependent changes in brain wiring in the case of iLTD.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
All procedures with research animals (mice) were approved by the veterinary office of the Canton of Vaud, Switzerland (authorizations 2063 and 2654). Mice of either sex were used as subjects but for mice below P21, their sex was not determined. Mice were bred by housing a male and a female mouse of the specific mouse strain (see below) together. The mice, and their offspring were housed in standard mouse cages in a 12h/12h light/dark cycle. Mice had free access to food and water and were not immunosuppressed; their health status was regularly controlled by animal caretakers. During the exposure to a 3-day 73 dB sound of 30 kHz (see details below), mouse pups (usually aged P11 -P14) were in a cage with the mother mouse, or a foster mother. For the experiments in Figure 2 , postweaning mice were used (age P27 -P34); male and female mice were separately group-housed. We used various genetically modified mouse strains as dictated by the aims of each experiment (see below). In order to target PV-interneurons for patch-clamp recordings in slice preparations for the experiments in Figures 1, 2 (Madisen et al., 2010 ; Jackson stock #007905), giving rise to the PV-Cre x tdTomato strain. Mice were bred to homozygosity for both alleles and then used as breeding pairs.
In order to label neurons with a defined sound preference in the experiments of Figures 5 and 6, we interbred Tg(Fos-tTA, Fos-EGFP*)1Mmay mice (Reijmers et al., 2007 ; obtained from Jackson laboratories, stock #018306; called cfos-tTA mice here) and Tg(tetO-tdTomato,-Syp/EGFP*)1.1Luo mice ; obtained from Jackson laboratories, stock #012345; called tetOtdTomato mice here), leading to the cfos-tTA x tetO-tdTomato strain. With this approach, expression of the doxycycline-sensitive tetracycline transactivator (tTA) under the control of the cfos promoter, drives the expression of cytosolic tdTomato and Synaptophysin-eGFP (the latter was not visualized here), downstream of the tetO control element. We supplied the drinking water for a female mouse and its offspring with 10 mg / ml doxycycline (Sigma), starting when the pups were P5 and maintained up to P15 (see Figures 5A and 5B; up to P18 in the experiments of Figure 8 and Figure S6 ), to limit tTa-dependent expression of tdTomato to times after P15, or after P18, respectively.
To eliminate the obligatory GABA B À1 receptor subunit from principal cells of cortical input layers (experiments in Figure 7 and Figure S5 ), we crossed Gabbr1 tm2.1Bet mice (Haller et al., 2004 ; called GB1 lox mice here) with Tg(scnn1a-cre)3Aibs mice (Madisen et al., 2010 ; obtained from Jackson laboratories, stock #009613; called Scnn1a-Cre mice here), and with tdTomato mice (see above), to visualize neurons in which Cre-recombination had occurred. This gave rise to the GB1 lox x Scnn1a-Cre x tdTomato strain. GB1 lox mice contain lox511 sites flanking exons VII and VIII of the gene of the GABA B -1 receptor (Gabbr), leading to removal of exons encoding both the GABA B receptor 1a and 1b subunit isoforms upon Cre-recombination. Mice in the F1 generation for these breedings were homozygous for the Cre-dependent reporter allele (tdTomato mut/mut genotype), heterozygous or homozygous for the GB1 lox allele (GB1 lox/+ or GB1 lox/lox genotypes, respectively), and had at least one copy of Scnn1a-Cre. Offspring with the genotype
Cre/Cre or Scnn1a Cre/+ ) are ''wild-type'' for the GB1 allele, and are called ''control mice.'' Offspring with the genotype (GB1 lox/lox , Scnn1a Cre/Cre or Scnn1a Cre/+ ) will lead to recombination of both floxed alleles of the GABA B -1 subunit, and are called ''GABA B -1 cKO'' mice. In order to perform cfos sound-labeling in GABA B À1 cKO mice (experiments in Figure 8 and Figure S6 ), we crossed the cfos-tTA x tetO-tdTomato strain (see above) with the Scnn1a-Cre and GB1 lox lines. In the resulting mouse strain the Cre-dependent tdTomato allele (see above) was absent, so that tdTomato fluorescence occurred selectively downstream of the activity-dependent cfos-tTa element. During the course of the experiments, all strains were backcrossed with C57/BL6 mice for at least five generations. However, the cfos-tTA x tetO-tdTomato mice, and the GB1 lox x Scnn1a-Cre x tdTomato strain initially had a mixed BALB/c, or C57/BL6 background, respectively.
METHOD DETAILS
Slice preparation
We made acute parahorizontal auditory thalamocortical slices (15 degrees, dorsolateral to ventromedial) through left auditory cortex (Cruikshank et al., 2002) , using two age groups of mice. Most slice recordings were performed with mice of P15 -P22. This age range was chosen to be close to the critical period for sound frequency representation, which was reported to be P11 -P15 in mice (Barkat et al., 2011) , and P10 -P17 (and possibly up to P23) in rats (de Villers-Sidani et al., 2007) . With mice younger than P15, we found only few tdTomato-positive neurons in the PV-Cre x tdTomato mice due to the developmental onset of the PV promoter, thus limiting the onset of our ''young'' age group to P15. For the experiments in Figure 2 , mice were between P27 -P34, clearly after the end of the critical period for sound frequency representation.
Mice were decapitated without prior anesthesia, and the brain was removed from the skull and placed in ice-cold ''extracellular'' solution containing (mM): 125 NaCl, 25 NaHCO 3 , 2.5 KCl, 0.1 CaCl 2 , 3 MgCl 2 , 1.25 NaH 2 PO 4 *H 2 O, 3 myo-inositol, 2 Na-pyruvate, 0.4 Na-L-ascorbate, and 25 D-glucose, saturated with 95% O 2 , 5% CO 2 (pH z7.4, mOsM z315). The brain was sliced with a vibratome (Leica 1200s) and placed in a submerged slice keeping chamber filled with the same extracellular solution as described above, except that CaCl 2 and MgCl 2 were 2 and 1 mM, respectively. The temperature was initially 34 C, and was then allowed to passively cool to room temperature (22 -24 C) after 30 minutes. The recording set-up was equipped with a gravity perfusion system; slices were perfused at a rate of $2 ml/min with extracellular solution containing 2 mM CaCl 2 and 1 mM MgCl 2 , to which pharmacological inhibitors were added as described. Experiments were done at room temperature (22 -24 C) . An Olympus BX51WI upright microscope was used to visualize the slices, using a 60X, 0.9 NA water immersion objective (Olympus) during the recordings. Images were captured with a Q-imaging Retiga 2000RV Fast 1394 camera controlled by TILL Vision software via a TILL ICU triggering device. Slices were visualized under infrared illumination and differential interference contrast. A TILL Photonics Polychrome V monochromator, coupled into the microscope via an optic fiber and an epifluorescence condenser (Rapp-OptoElectronics), was used to excite tdTomato fluorescence (excitation wavelength l, 550 nm; using a Cy3 filter set), eGFP or Alexa 488 (l = 470 or 480 nm; GFP filter set). Electrophysiological recordings Paired whole-cell recordings were done with a HEKA EPC-10 double amplifier controlled by Patchmaster software (HEKA). Presynaptic pipettes (for recording PV-interneurons) were loaded with an intracellular solution containing (in mM): 135 KGluconate, 10 KCl, 0.5 HEPES, 5 Na 2 -Phosphocreatine, 4 ATP-Mg, 0.3 GTP-Na 2 , 0.5 EGTA; pH = 7.2 (with KOH), 305 mOsM. Postsynaptic pipettes (for principal neurons) were loaded with intracellular solution containing (in mM): 160 KCl, 10 HEPES, 5 Na 2 -Phosphocreatine, 4 ATP-Mg, 0.3 GTP-Na 2 , 0.5 EGTA; pH = 7.2 (with KOH), 305 mOsM; thus, IPSCs were recorded as inward currents. In the experiments using low postsynaptic [Cl - ] i (Figures S1F-S1K), the intracellular solution contained (in mM): 145 KGluconate, 6 KCl, 10 HEPES, 5 Na 2 -Phosphocreatine, 4 ATP-Mg, 0.3 GTP-Na 2 , 0.5 EGTA; pH = 7.2 (with KOH), 310 mOsM; IPSCs were recorded at À50 to À40 mV holding potential as outward currents. The pipette resistances were 2.0 -3.5 MU and 3.5 -5 MU for principal cells and for PV-interneuron recordings, respectively. The series resistance during whole-cell recordings was generally 6-10 MU in principal cells and 10-15 MU in PV-interneurons. Recordings were excluded if the series resistance exceeded 25 MU, if the leak (holding current) was larger than À100 pA, or if either of these parameters showed instability for a period of > 5 minutes. No series resistance compensation was applied, but the protocols were interrupted every $10 min to validate the R s and C m values. The holding potential was À70 mV in voltage clamp (principal cell), and in current-clamp, the membrane potential was maintained close to À70 mV by applying a holding current (usual range, 0 to -50 pA). The liquid junction potential, estimated to be $5-10 mV (i.e., actual holding potential = À75 to À80 mV), was not corrected.
For the data in Figures 1, 2 , 3, and 4 and Figures S1 and S2, using PV-Cre x tdTomato mice, we first established a recording of a tdTomato-positive PV-interneuron, and, immediately afterward, of a tdTomato-negative, putative principal neuron. If the recording of the principal neuron failed, or if the principal neuron was not connected to the PV-interneuron, then maximally two additional attempts were made to record from other, tdTomato-negative neurons in the vicinity. For the experiments with cfos-tTa x tetO-tdTomato mice (Figure 6 ), the PV-interneurons had to be recorded without fluorescence identification. To do so, we first identified a cluster of tdTomato(cfos)-positive principal neurons in the input layer of the rostral part of the auditory cortex slice. We then recorded from a tdTomato-negative cell deemed by morphological criteria to be a PV-interneuron, and tested its AP firing properties using a 200 pA, 1 s current injection. If we observed a regular firing rate of $50 -100 Hz indicative of a fast-spiking, putative PV-interneuron (see e.g., Figure S1D ), then a second, tdTomato-positive principal neuron was recorded in the immediate vicinity of the recorded PV-interneuron (maximally 3 attempts; see above). If we did not observe this fast-spiking phenotype, then the recording was discontinued and we searched for another putative PV-interneuron. The average soma -soma distance between successfully recorded, connected pairs varied between 16 -25 mm across the datasets; we estimate a connection probability of $0.3 for PV-interneuronsprincipal neurons in our recording conditions (Levy and Reyes, 2012) .
After obtaining a paired recording, we waited for 3 minutes after establishing whole-cell recording of the second (principal) cell, to allow for equilibration of the pipette solution with the cytosol. Then, the baseline IPSC amplitude of the connection was recorded, by eliciting an AP in the presynaptic PV-interneuron, while recording the IPSCs in the principal neurons in voltage-clamp. Following that, an STDP induction protocol was applied. For this, the postsynaptic cell was changed to current-clamp, and 50 APs were triggered in both the pre-and postsynaptic neuron, usually at an inter-AP interval of either +5 ms (pre -post sequence), or -5 ms (post -pre sequence; 50 paired APs repeated at 0.2 Hz). APs in principal neurons and in PV-interneurons were driven by 3 ms current injections of 200 -500 pA, and of 400 -600 pA, respectively. Following that, the principal cell was switched back to voltage-clamp, and the recording of IPSCs was resumed. Membrane currents (voltage-clamp) and membrane potentials (current-clamp) were acquired at 50 kHz and 20 kHz sampling frequency respectively, after low-pass filtering at 2.9 kHz with the Bessel filter built-into the EPC-10 amplifier. Analysis of electrophysiology data Electrophysiological data was analyzed by custom-written procedures in IGOR Pro (Wavemetrics). IPSCs were analyzed by a peakdetection algorithm, in which the IPSC peak was detected by comparing adjacent local minima detected with a sliding 2 ms window in steps of 20 ms. Synaptic failures were defined as IPSC events with amplitudes below 2 * SD of a 100 ms data baseline current. For the separate recording epochs before, and after the plasticity induction epoch, we then calculated the average value of IPSC amplitudes, as well as the variance using built-in IGOR Pro procedures, for later variance -mean analysis. In a few cases, brief periods of IPSC amplitude instability at the very beginning, or at the end of the recording, were removed from the displayed data and from the analysis. The AP timing interval (Dt) was defined as the time of the current injection step in the principal cell, minus the time of the current injection step applied to the PV-interneuron; i.e., pre-post AP sequences result in positive time values.
For variance -mean analysis ( Figure 1F ), we divided the variance of the IPSC of a recording epoch (either before, or after iLTP/iLTD induction) by the mean IPSC amplitude, according to (variance/mean) after induction / (variance/mean) before induction . Assuming that the initial release probability was below $0.3, variance -mean ratios represent the initial slope of the parabolic variance -mean relation, roughly proportional to quantal size (Clements and Silver, 2000; Meyer et al., 2001 ). We analyzed variance -mean ratios for a subset of the recordings presented in Figures 1A-1E . Recordings were selected in which post-pre, or pre-post inductions led to net iLTP, or iLTD, respectively; in which a positive variance -mean ratio was observed, and which showed a reasonable y-intercept in the variance -mean plot (< 5000 pA 2 ). This resulted in n = 14/22, and n = 6/16 accepted recordings for the final variance -mean analysis for iLTP, and iLTD, respectively ( Figure 1F ). Immunohistochemistry For the histological sections shown in Figure S1B , Figure S5A -B, mice were transcardially perfused with 4% paraformaldehyde solved in phosphate-buffered solution, and 40 mm thick auditory thalamocortical slices were cut after fixation, dehydration and freezing. For immunohistochemistry, slices were incubated overnight at 4 C with the primary antibodies listed below. Primary antibodies were: mouse anti-CamKII (6G9, Cayman), dilution 1:250 ( Figures S5A and S5B) ; rabbit anti-PV (PV27, Swant), dilution 1:1000 ( Figure S5B ). The fluorescence of the tdTomato reporter protein was not enhanced by an antibody ( Figure S1B ; Figure S5B ). Secondary antibodies were, goat anti-mouse Alexa 488 (Thermo Fisher Scientific) at 1:500, and/or goat anti-rabbit Alexa 647 at 1:500 (Thermo Fisher Scientific). Confocal images were acquired with a Zeiss LSM700 microscope, using a 20x, 0.8 NA objective (Zeiss). Background subtraction was done in Fiji with the rolling ball method (50 pixels radius). Critical period sound exposure of mice Mouse pups between the ages of P11-14 ( Figures 5 and 6 ) or P12-18 (Figure 8 and Figure S6 ) were placed, along with either one or both parents, into a modified mouse cage, which had a single ES1 Tucker Davis speaker mounted at the back end. The cage was placed inside a ventilated sound-proof box (IAC acoustics; 12/12 h light/dark cycle). A pure tone stimulus of 30 kHz sound frequency, consisting of five 100 ms tone pips separated by 100 ms gaps over 1 s, followed by a 2 s gap, was generated by a custom-written LabView program and a sound card (National Instruments [NI] PXIe-6363 DAQ, mounted in a NI PXIe-1071). The signal was sent to a Tucker Davis ED1 electrostatic speaker driver and finally to the speaker inside the cage. The intensity of the sound stimulus was calibrated at 73 dB SPL with a precision condenser microphone (277CO1, PCB Piezoelectronics).
To identify 30 kHz processing neurons in cfos-tTA x tetO-tdTomato mice, we applied a final ''sound label'' protocol (see Figures 5A and 5B for the protocol; data in Figures 5, 6, 8 ; Figure S6 ). For this, mice were removed from their home cage, either individually or in pairs, and anesthetized with 90 mg/kg ketamine + 4.5 mg/kg xylazine (in PBS) by intraperitoneal injection. Under anesthesia, the mice were placed prone at the bottom of a darkened plexiglass cylinder inside the sound-proof chamber. A 30 kHz pure tone, with the same temporal characteristics as described above for ''critical period sound exposure,'' was applied at 85 dB intensity for 60 min through a single ES1 Tucker Davis speaker mounted at the top of the cylinder, $25 cm from the pup. In initial ''label only'' experiments, a 7 kHz tone was sometimes used alternatively ( Figure S4 ). Mice were sacrificed 14-20 h later for electrophysiological recording and 2-photon imaging in slices, to allow for expression onset of tdTomato downstream of the cfos-tTa driver element.
Quantification of sound labeling 2-photon image acquisition Sound-labeled cfos-tTA x tetOtdTomato (Figures 5 and 6 ) or cfos-tTA x tetOtdTomato x GB1 lox x ScnnCre mice (Figure 8 and Fig- ure S6) were sacrificed and 3-4 thalamocortical slices were cut at 300 mm thickness (see above), spanning the dorsoventral extent of primary auditory cortex. Live slices were transferred to a continuously perfused submersion recording chamber (see above) and imaged with a 2-photon microscope (Femtonics Femto2D-Alba microscope equipped with a Spectra Physics MaiTai DeepSee Ti:Sapphire laser and a 10x/0.6 NA Olympus objective). In 1-2 ''core slices'' in this thalamocortical preparation (Cruikshank et al., 2002) , the primary auditory cortex in its rostro-caudal extension, and part of the hippocampus were imaged in 3-4 complete, partially overlapping z stacks (image size, 1.8 mm x 1.8 mm; pixel size, 3 3 3 mm; z-step, 3 mm; 101 image planes per stack; 15-times line averaging; $20 ms dwell time; $16 minutes per z stack). Standard landmarks were used to select the slice containing the primary auditory cortex. Labeled tdTomato-positive cell bodies and processes were imaged at 1040 nm excitation, and Alexa 488, which was filled into the recorded principal neurons via the patch pipette (40 mM), was imaged at 800 nm. The laser intensity was applied uniformly over the bottom 200 mm of the stack, and then decreased by $10% over the final 100 mm near the surface of the slice. For display, image stacks were converted into a single maximum intensity projection (MIP) in Fiji, using the standard deviation method. Individual MIPs were then merged with AutoBlend in Adobe Photoshop to create overview images for each auditory cortex slice.
2-photon image analysis
For analysis, stacks containing individual RGB tif images were imported into MATLAB (MathWorks) and analyzed with custom scripts. A cell-counting algorithm was implemented by application of morphological operations and other nonlinear filters to consecutive individual image planes (Pratt, 2001) : size exclusion filter, local intensity normalization to account for uneven illumination, and binary thresholding were applied in series. Cells were defined morphologically as connected structures with a minimum size of 6 3 6 mm. Cell positions were then extracted by applying the distance and watershed transforms on thresholded binary images (Meyer, 1994) . A cell was only counted if its center was detected in at least three out of five adjacent planes. The final cell count was projected onto a 2-dimensional image showing the detected cell centers (see e.g., Figures S6A-S6D ; second row from top). To estimate the density of tdTomato+ cells, a 10 3 10 curved grid was first applied, fitted with a quadratic function to outline the pia mater and white matter; curved edges of the grid were connected by straight lines. Each cell of the grid was further subdivided into 5 3 5 bins, and the cell density was then estimated as the cell number of the respective bin over the entire depth of the slice (300 mm). The cell density estimation procedure was applied to two different stacks in the same animal (''band'' and ''background''; see Figures 5 and 8 and Figure S6 ). In order to estimate nonspecific cell activation, it was assumed that the latter was only a function of relative cortical depth. Thus, a background-subtraction image was computed as the average background cell density at varying cortical depth, plus three times the standard deviation (see e.g., Figure 5 and Figure S6 ; panels labeled ''mean + 3SD''). This image was then subtracted from the raw cell density images in the ''band'' image stack, and negative values were set to zero. This resulted in the ''thresholded'' images of cfos-positive cell density. To estimate the location, and the width of the sound labeling-induced cluster or ''band'' of activated neurons, a 2D anisotropic rotated Gaussian distribution was fitted on the thresholded cell density image with a standard mean-square error method using a built-in MATLAB function. The resulting ''band-width'' was quantified as the full width at half maximum (FWHM) of the fitted 2D anisotropic rotated Gaussian. Although the fit is independent of the orientation of the pia mater and white matter, the tonotopic band-width was always measured as the width of the Gaussian along a line defined as the average between the tangents to the pia and white matter (i.e., the tonotopic axis). The cortical depth axis was defined as the line perpendicular to this tonotopic axis.
Viral vector construction and stereotaxic surgery
To drive expression of Cre-recombinase in principal neurons of auditory cortex ( Figures 7H-7L ), we constructed the viral vector AAV2/8:CaMKII 0.4 :eGFP-IRES-Cre:WPRE using conventional DNA cloning techniques. A combination of serotype and promoter was chosen to be optimal for anterograde transport and pyramidal cell specificity (Scheyltjens et al., 2015) . In brief, a short (365 bp) version of CaMKIIa promoter was PCR-amplified from the C57Bl6/J mouse genomic DNA (see primers in the Key Resources Table) and sub-cloned in between the MluI-HindIII sites of a pAAV-WPRE vector (a gift from Dr. B. Schneider, EPFL). An eGFP-IRESCreT expression cassette from our previously published adenovirus plasmid (pDC511, see the Key Resources Table) , was inserted in between the CaMKII 0.4 promoter and WPRE enhancer; all plasmids were verified by sequencing. AAV2/8 viral particles were packaged and purified in the lab of Dr. B. Schneider (EPFL) at a qPCR-based titer of 2.09$10 14 ml -1 .
A standard stereotaxic injection surgery (Genç et al., 2014) was made under isoflurane (3% induction / 1% maintenance in O 2 ) anesthesia and local lidocaine (2%) analgesia. In brief, the head of a P6 mouse pup was fixed in a Model 942 stereotaxic frame (Kopf Instruments, USA), and a dorsal midline skin incision was made to align the bregma and lambda points. A small craniotomy was co-punctured with a tip of a 21G syringe needle through the skin and the skull above the left auditory cortex, and an injection glass capillary was advanced along the rotated y axis of the stereotaxic device that made 30 angle with the horizontal plane and was orthogonally shifted 1.55 mm posterior and 3.93 mm ventrally from the bregma point. A volume of 0.3 mL AAV8 vector (diluted in PBS to 6.97$10 12 ml -1 ) was injected at a single site, at a depth of 1.30 mm from the skin surface. The initial skin incision was then glued with VetBond glue (3M, USA), and the animal was returned to its mother for recovery. Slice experiments were done 13-16 days after injection. Drugs and reagents EGTA, BAPTA, GDP-bS, NaH 2 PO 4 *H 2 O, KGluconate, ATP-Mg, GTP-Na 2 , phosphocreatine, doxycycline, KCl were purchased from Sigma-Aldrich / Merck. NaCl was purchased from Fischer Scientific. NaHCO 3 was purchased from Acros Organics. HEPES was purchased from PanReac Applichem. Alexa 488 hydrazide and DMSO were purchased from Thermo Fisher Scientific. Nimodipine, k252a, CGP-54626, AM-251, ANA-12, and SR-95531 (gabazine) were purchased from Tocris Bioscience. Ketamine and xylazine were obtained through the Swiss Cantonal (Vaud) Veterinarian's office (''Ketasol'' and ''Xylasol,'' Graeub, CH).
Experimental design
For replication and sample sizes, findings under experimental and control conditions were usually replicated in individual experiments at least 4 -6 times. We did not use a statistical method to predetermine sample size. For randomization, the measurements under experimental and control conditions were performed serially, but in an alternating manner. For some experiments we shared two experimental conditions with a single control group (see Figures 3D and 3F) , to minimize the number of animals used. The experimenters were not blinded to group allocation with the exception of the analysis of the majority of data for Figure 5 , which was done in a blinded manner.
QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical tests were performed in GraphPad Prism 7.04. Pearson's correlation coefficients were calculated in IGOR Pro. For repeated experiments, the number of recorded cells or cell pairs is given in the Results text as ''n,'' whereas the number of mice from which these recordings were obtained is given as ''N.'' For determining statistical significance of iLTD or iLTP for individual datasets, we used a one-sample t test with a theoretical mean of 0 (or 1, in the case of mean-variance ratios; see Figure 1F ). The resulting two-tailed p value was considered significant if it was less than 0.05. We also applied this same standard of significance, in terms of the p value, for all subsequent tests.
For most experiments, there was one control group and one experimental group. In these cases, we first performed a Shapiro-Wilk normality test (Prism) to determine whether the data was likely normally distributed. For normally-distributed data, we then performed an unpaired Student's t test to determine significance of any difference between the two groups, or else paired t test was run for paired measurements of parameters in the same recording ( Figures 1F and 1G) . We consider the t test as our ''standard'' test and do not separately indicate it in the Results. The names of all other statistical tests used for each comparison are stated in the Results.
If the variances of the two groups was determined by an F-test to be unequal, then we performed Welch's t test instead of the unpaired t test. If at least one of the groups failed the normality test, then we performed a non-parametric Mann-Whitney test for unpaired comparisons, or the Wilcoxon signed-rank test in the case of paired comparisons.
In some cases, we shared two experimental groups with a single control group ( Figures 3D and 3F) ; these experiments were performed in an interleaved fashion. Because here two or more datasets were compared to the same control dataset, we ran a one-way ANOVA if all datasets passed the above-mentioned Shapiro-Wilk normality test. Otherwise, a Kruskal-Wallis test (i.e., non-parametric test) was used if at least one of the datasets failed the normality test. In either case, if the overall ANOVA/Kruskal-Wallis test had a p value of < 0.05, we then performed post hoc tests, corrected for multiple comparisons. For parametric one-way ANOVA, we used the Dunnett's multiple comparisons test, with an alpha of 0.05. For the non-parametric Kruskal-Wallis test we used Dunn's multiple comparisons test, with an alpha of 0.05.
Prospective power and sample size estimation were not used. Controls were generally done in a matched, strict alternating manner within each experimental group.
DATA AND SOFTWARE AVAILABILITY
MATLAB code used for image processing and analysis (Figures 5, 8 , and S6) is available upon request.
